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Abstract 
A random numerical method is used to study turbulent combustion phenomena. A hybrid random vortex method is 
used for solving the Navier Stokes equations which govern the fluid motion. We consider a two-step chemical reaction 
in the combustion process, which is governed by a reaction-diffusion system for the conservation ofenergy and for the 
chemical species participating in the reaction. A random choice method with a dictionary approach isused for modeling 
the reaction diffusion equations. The method is applied to a pre-mixed gas past a heated circular cylinder. The numerical 
results for both hydrodynamics and flame propagation are obtained and have good agreement with experimental 
observations. 
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1. Introduction 
The mot ion  of fluid flow is governed by the principles of classical mechanics and thermo-  
dynamics  for the conservat ion of mass, momentum,  and energy. With the assumpt ion  of incom- 
pressibil ity, the govern ing equat ions for a viscous flow are the two-d imensional  Nav ier -S tokes  
equat ions in a domain  D with boundary  0D: 
8tu + (u" V)u  = Re-  l Au - - -  
VP 
in D, (1.1a) 
P 
(1.~b) 
O.lc) 
d iv (u) - -0  inD,  
U=(0,0)  onOD, 
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where u = (u, v) is the velocity vector, r = (x, y) is the position vector, t is time, A - V 2 is the 
Laplacian operator, P is the pressure, p is density and Re is the Reynolds number associated with 
the flow. 
Eqs. (1.1) are difficult to solve using finite-difference methods, particularly at large Reynolds 
numbers. The grid spacing must decrease when Re increases. The vortex method, a grid-free 
method, was developed in [5] in 1973 and has been used successfully in modeling the turbulent 
flows (e.g. [1, 3, 11, 16]). In it, the creation of vorticity along boundaries i modeled by the creation 
of vortex blobs, discrete quantities of vorticity. The vortex blobs themselves are not vortices but 
elements whose unions form vortices. The motion of the fluid flow is modeled by considering the 
interaction of these blobs. The vortex sheets method [8] is used near the boundary to solve the 
Prandtl boundary equations. This method is also grid-free and has the advantage that the 
interaction between vortex sheet elements i not singular. 
The combustion process is governed by a complicated combination of advection, diffusion and 
reaction. We consider a two-step reaction of the form A ~ B ~ C. The governing equations in 
dimensionless form are 
P(~tYA + (u" V)YA) = LeAIAyA - KaK2A, 
P(OtYn + (u" V)YA) = LeB1AyB + KaK2A -- KBf2B, 
p(Ot T + (It" V)T) = AT + QAKAOA + QBKBf2B, 
~-~A : PYA e-NA/T, OB = pYB e-Nn/T, 
(1.2) 
where T is temperature, p is density, YA is mass fraction of chemical species A, YB is mass fraction of 
chemical species B, u is the velocity vector of fluid flow. LeA and LeB denote the Lewis numbers 
associated with reactants A and B. QA is the heat released by the first reaction (A --, B). The reaction 
rate is determined by NA, the activation energy, and KA, the pre-exponential f ctor. QB is the heat 
released in the second reaction (B ~ C). K8 denotes the pre-exponential factor in the second 
reaction, and NB denotes the activation energy in the second reaction. 
In this form, 0 ~< YA, YB ~ 1. In the absence of external heat Tu ~< T ~< Tb + e with Tb = 1 + Tu. 
Tu is the ambient temperature, Tb is the burning temperature, and e is to accommodate for a slight 
overshoot of T, possible when the reaction process occurs at a much faster time scale than the 
diffusion process. 
When solving Eqs. (1.2) numerically, difficulties arise due to the difference in time scales, 
especially in a fast reaction. A very small time step is necessary in order to maintain the stability of 
the solution. Glimm's random choice method has successfully modeled systems of hyperbolic 
conservation laws [6, 9, 17] and is suitable for solving differential equations which have steep 
gradients in the solution profiles. Sod [19] has shown how the random choice method can be 
extended to solve reaction-diffusion equations. 
In this paper, we describe a random numerical method which combines a hybrid random vortex 
method and the random choice method to study turbulent combustion problems. In order to 
reduce the high expense of using the random choice method, a dictionary approach is also 
employed. Earlier work and applications of the method to the one-step reactions can be found in 
[21,223. 
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2. Vortex methods 
Taking the curl (Vx)  of Eq. (1.1a), we obtain the scalar vorticity transport equation 
~t( + (u" V)4 = Re- IA4 ,  (2.1a) 
div(u) = 0, (2.1b) 
where ~--  Vx u = c~xv- c~ru is the vorticity. The vorticity field ~ gives rise to a transporting 
velocity field u. A stream function ~ is introduced satisfying 
u = 0y~p, v = - C~x~P. (2.2) 
Using the definition of vorticity, we obtain a relationship between ~ and 4: 
AO= -4  inD.  (2.3) 
The vortex method is based upon this stream function-vorticity formulation. To solve Eq. (2.1), 
we first assume the flow is inviscid, that is, Re- l= 0 and that there are no boundaries. 
Eq. (2.1) reduces to the inviscid Euler equations 
D~/Dt  = 0, A~O = - 4, (2.4) 
where D/Dt  denotes the total derivative. 
At a certain time t = nAt, where At denotes the time step and n is a nonnegative integer, suppose 
the vorticity consists of N point vortices with strength ¢1,42 . . . .  ,4u  centered at r l ,  re , . . . ,  rN. If the 
flow is started from rest there is no vorticity initially, otherwise the initial vorticity must be 
discretized. We may write the vorticity field in the form 
N 
4(r) = Z ~i4o(r  --  r i ) ,  
i= l  
where 4o(r) is an approximation of the delta function, defined by 
40(r) = 2rcdl[r[l' Jlrll < 
t 0, [I r I[ >/a.  
This choice of 4o does not produce a singularity [5]. The value a is a cut-off value to be 
determined later. 
Solving for the stream function in (2.3), we have 
• la [  [ r -- ri II + Constant, 
~t(r) = 
1 
-~-~ In IIr - r i l l ,  
The velocity field from (2.2) is 
x-xi ) 
2  llr - r ,  ll ' 
u¢i(r)= / - - (Y - -  Yi) x - -  xi "~ 
"\2-~ I~--- ~]] 2' 2rt ]l r -ri[] 2)' 
Ilr - ri II < a ,  
l i t  - rill ~ ~. 
[I r - ri ld < a ,  
II r - ri [I >~ a. 
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The velocity field induced by the vorticity field ~(r) is then 
N 
u¢(r) = y, ~iu¢,(r). (2.5) 
i=1  
The vorticity transport equation states that the vorticity is advected by this velocity field, i.e. 
dri 
d---[ = u¢(ri) = ~, ~jucj(r , ) .  
j$i 
The solution can be approximated by Euler's method or the second-order Heun's method [16]. 
To modify the vorticity field due to the effect of the diffusion, i.e. Re-  1 ~ 0, we consider the 
diffusion equation 
~,~ = Re-  I A 3 . 
A grid-free method, based on the connection between the diffusion (heat) equation and the 
random walk, is used for solving this equation. 
To satisfy the normal boundary condition u. n = 0, where n is an outward pointing unit normal 
to ~D, a potential flow is added to the flow field induced by the vorticity field. Let Up = V~b denote 
a potential flow such that 
~.qb ==_ V~'n  = Up 'n  = - u , 'n  on ~3D, 
where c3n denotes the outward pointing normal derivative. By (2. lb), this gives rise to the Neumann 
problem 
AqS=0 inD, 
(2.6) 
~3,(p = -- u¢" n on ~3D, 
which is to be solved for the potential flow ~b from which Up is obtained. It is clear that u¢ + Up is 
a velocity field which satisfies the boundary condition u 'n  = O. 
The tangential boundary condition u- s = 0, where s is the unit vector in tangential direction, can 
be satisfied by creation of vorticity on the boundary using the vortex sheets method. The vortex 
sheets are introduced at points on ~3D, equally spaced at a distance Ah apart, with vorticity u" Ah,  so 
that the induced velocity satisfies u 's  = 0, as the vortex sheets move away from c3D. 
Combining these steps, the discrete approximation for vortex blob motion is 
x~+l  = x~ + At(u~, + up,) + r/j1, 
yn+l = yn + At(re,  + vp,) + r/12, 
where (u¢,, v~,) comes from (2.5) and (up,, Vp,) is the potential f ow. (q~, r/z) are independent Gaussian 
random variables with mean 0 and variance 2At~Re.  
The vortex sheets method is based on the fact that within the boundary layer the Navier-Stokes 
equation can be approximated by the Prandtl equations [15] 
~,~ + (u" V)~ = Re  -1 ~32 ~, 
= - ~yu,  
div(u) = 0. 
(2.7a) 
(2.7b) 
(2.7c) 
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The computational elements are vortex sheets Si. They are parallel to the boundary, have length 
Ah and are centered at r i=(x ,y~) .  The intensity ¢~ of a vortex sheet is defined by 
¢i = - (u(Yi ~) - u(yi-)), the jump of the velocity as y crosses the vortex sheet S~. Eq. (2.7b) can be 
integrated in the form 
f; u(x, y) = Uo~(x) - ~(x, T)dr, (2.8a) 
and Eq. (2.7c) yields 
;o v(x, y) = -- ~?x ~(x, r)d~. (2.8b) 
It can be readily seen that if ~ is known, u = (u, v) can be calculated by (2.8). The positions of the 
vortex sheets are advanced according to 
x~ +1 = xr + Atui ,  y~+ l = y~ + Atvi + qi, 
where qi is a Gaussian distribution with mean 0 and variance 2At~Re. This random walk only 
applies to the y-component, since diffusion in the x-direction is neglected in the Prandtl boundary 
layer equation (2.7a). 
In our hybrid vortex method, near the boundary the computational elements are vortex sheets. 
Outside the boundary layer, we use vortex blobs. The boundary layer thickness is assumed to be 
proportional to (Re)-~/2. Inside the boundary layer, sheets having velocity gradient u/v greater 
than a chosen parameter are turned into blobs, since we know that sheets with sharp gradients are 
close to the point of separation from the boundary layer theory. This parameter is determined by 
the geometry of the obstacle in the flow and the mean value of velocity gradients of all sheets. 
Sheets moving out the boundary layer become blobs with ~blob = A h.  ~shect- However, sheets which 
cross the boundary should be reflected back to preserve vorticity. 
3. Random choice method 
Consider the reaction-diffusion system of equations 
c~,v + C~xF(V) = fOZxV + G(v), v(x, 0) =f (x ) ,  (3.1) 
where v = (v~, v2, ..., Vp), ¢ = diag(vl,v2, ..., vp), with vi >~ O, i = 1, . . . ,  p, G is a nonlinear eaction 
or source term and the Jacobian of F, c?Fj/c3vi, has real and distinct eigenvalues. 
If ~7 = 0 and G = 0, then (3.1) reduces to a system of hyperbolic onservation laws, 
O,v + ~xF(V) = 0. (3.2) 
A random choice scheme was proposed in [-12] in order to construct solutions to (3.2) and prove 
existence under the condition that the total variation of the initial data is sufficiently small. The 
method was developed as a computational technique in [6, 9, 17]. For the numerical solution of 
(3.1), the general flow can be decomposed into elementary waves (3.2) and steady waves: 
C~xF(V) = 9c~2v + G(v). (3.3) 
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i 
F ig .  1. Const ruct ion  o f  random cho ice  method.  
Let u~' be the approximate solution to v(ih, nk), where h is the space step size and k is the time step 
length. As illustrated in Fig. 1, (3.3) is solved as a two-point boundary value problem in each 
interval [ih, (i + 1)h] to obtain a steady-state solution v s with boundary conditions 
I v s (ih) = uT, vs((i + 1)h)-- n Ui+l • (3.4) 
The solution on [ih, (i + 1)h] is sampled at the midpoint to produce a piecewise constant 
approximation (see Fig. 1) 
v(x, nk) = un+l/2 : vS((i + 1)h), ih < x < (i + 1)h. 
The conservation laws (3.2) are solved using Glimm's method for nk <<. t <<. (n + 1)k, using the 
piecewise constant states as initial conditions (see Fig. 1) 
v(x, nk)=UT+l/2, ih<x <( i+ l)h. 
Thus a sequence of Riemann problems is produced centered at the grid points x = ih. If the CFL 
condition is satisfied, that is, if h/k <<. 1/(212i(v)1), for all eigenvalues 2i, i = 1, 2 .... ,p, of the 
Jacobian of F(v), then the waves generated by the individual Riemann problem will not interact. 
Hence, each is solved separately and the solutions can be combined by superposition i to a single 
exact solution, denoted by re(x, t) and defined for nk <<. t <~ (n + 1)k. Define the approximate 
solution for (3.1) at the next time level by 
u7 +1 = ve((i + in)h,(n + 1)k), 
where 4n is an equidistributed random variable in the interval ( - ½, ½). 
To apply the method to the combustion, let v = (YA, YB, T), then (1.2) can be written as 
O,v + (u. v)v = + G(v), (3.5) 
where ~7 = diag(Lej  1, Leg 1, 1). Eq. (3.5) is of the form (3.1) except that it is not in conservation 
form. However, velocity u is known at each grid point from the solution of the Navier-Stokes 
equation. Therefore, u can be treated as piecewise constant on intervals centered at the grid points. 
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The method of fractional steps [23] can also be used to extend the random choice method to two 
space dimensions in Eq. (3.5). The CFL condition becomes 
k 1 
~ 2 max Ilu II" (3.6) 
The presence of the diffusion term in Eq. (3.1) places an additional requirement on the time step 
k. To see this, consider the scalar, constant coefficient linear advection equation 
~tv + c~xv = v~Zv, 
where c and v > 0 are constants. By using the random walk solution to the diffusion equation, Sod 
[19] showed that the condition 
k = h2/8v (3.7) 
is necessary to provide a consistent amount of diffusion. The above condition (3.7) also assures that 
CFL condition (3.6) is satisfied. For a system of equations, the extension of (3.7), requires that 
h 2 h 2 
8vl 8vp' 
which is impossible to satisfy unless different grid spacings hi are used for each different values of vi, 
such that 
k-8v i ,  i= 1,2,...,p. 
The two-point boundary value problems then can be solved on the finest grid, with the boundary 
values interpolated at that grid. The initial values for the Riemann problems are interpolated from 
the solution of (3.3) on the finest grid. 
In order to couple the fluid motion with the combustion, we recall the definition of dimensionless 
time tf in the Navier-Stokes equations 
t 
t,  - ( L /U) '  
where t is physical time, U is physical velocity, and L is characteristic length. Solving for t we get 
t fL  
t = (3 .8 )  
U 
The dimensionless time tc in the combustion equations (1.2) is defined as 
t~ 
tc =~-2 ,  
where c~ is the rate of the chemical reaction. Solving for t we get 
t~L 2 
t - -  
o~ 
(3.9) 
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To couple the hydrodynamics and chemistry, the physical times must be equal, that is, (3.8) must 
equal (3.9). If k is the time step size for the combustion and At is the time step size for the vortex 
method, we should have 
kL 2 AtL 
c~ U 
This gives the relationship 
kLU 
At -  
C( 
(3.10) 
4. D ic t ionary  approach  
The computation required in solving the large number of boundary value problems (3.3) is the 
most expensive part of the algorithm. However, Sod [18] proposed the use of a dictionary 
approach. Eq. (3.3) can often be reduced by omitting the advection term 
~O2xV + G(v) = 0. (4.1) 
This is independent of x and t and the solution is only needed at the midpoint of the interval. 
Therefore, it is necessary to consider different possibilities for the boundary values of Eq. (4.1). 
Suppose that upper and lower bounds for vi, i = 1, 2,. . . ,p are known; that is VL~ ~< V~ ~< VR~. 
Divide interval [VL~, VR~] into 
VLi = < < "'" < V,Y. = V. i  (4.2) 
where N{s are positive integers. There are N 2. N 2 ..- N 2 possible left or right boundary values. Eq. 
(4.1) is solved and sampled at the midpoint for all possible combinations ofboundary values given 
in (4.2) and then stored in a 2p-dimensional dictionary, indexed by the left and right boundary 
values. Whenever a solution for (4.1) is required for a special boundary value, the dictionary can be 
searched and the solution can be approximated by linear interpolation. Often in a combustion 
problem p is small; in our application (1.2), p = 3. Ni for i = 1, 2,..., p can also be chosen to be 
reasonable in order to have enough accuracy. 
To demonstrate how the method is implemented, consider the case p--  1. We can drop the 
subscript i in (4.2). Define 
hi - VR - _______ L. 
N 1 - -  1 ' 
then 
V~ = VL + (I -- 1)ha, I = 1, 2,...,N1, 
where N1 is length of the interval [VL, VR]. The dictionary is two-dimensional asdepicted in Fig. 2, 
the dictionary search procedure is just the area weighting method. 
Y. Song, M. Calzada/Journal of Computational nd Applied Mathematics 58 (1995) 27-42 35 
\ 
\ 
1 V l 
2 v 2 
r : 
t v~ 
1+1 VI+ 1 
N 1 VN 1 
U R 
1 2 .... r / r+l .... N 1 
1 
V 1 V 2 .... V r ~ Vr+l .... VNI 
vl. a O,r) 
V(l,r) 
) 
V(I+ 1 ,r) 
V~J2(I+ 1,r) 
V]/2' (l,r+ 1 ) 
V(l,r+l) 
V(l+l,r+l) 
lii2(l+ l,r+ 1 ) V 
Fig 2. Two-dimensional dictionary for random choice method. 
Assume we need to solve (4.1) with boundary conditions 
vS(ih) = UL, Vs((i + 1)h) -- UR. 
The position of the solution in Fig. 2 is between [l, (l + 1)], I-r, (r + 1)], where 
I=  Int [(N1 - 1)UL] + 1, r = Int [(N1 - 1)UR] + 1. 
Int[z]  is a function yielding the integer part of a real number z. And approximate solution is 
obtained by area weighting, 
@1/2(1, 1 + 1, r, r + 1) --- {v/U2(/, r) V(I + 1, r + 1) + v~/2(l, r + 1) V(I + 1, r) 
+ v~/2(I + 1, r) V(I, r + 1) + v~/2(l + 1, r + 1) V(l, r )}/V,  
where 
V = h 2, 
v( t ,  r) = (UL - V , ) (UR - v , ) ,  
V(l,r  + 1)=(UL-  Vt)(UR- V,+l), 
V(l + 1, r )=(UL-  Vt+,)(UR- Vr), 
V(I + 1, r + 1)= (UL -  Vt+I ) (UR-  Vr+l). 
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Sod [18] gives an error estimate for the random choice method with dictionary approach 
for the scalar case and shows that when hi ~ 0, the numerical solution converges to the exact solution. 
5. Numer ica l  resu l t s  
In a systematic series of experiments, Mullen et al. [14] have studied the ignition of streams of 
fuel-air mixtures that pass over electrically heated cylindrical rods. For the numerical study of the 
experiments, we use a hybrid vortex method for the hydrodynamics, and the random choice 
method with the dictionary approach for the combustion process. 
5.1. Numerical parameters 
The boundary of the circle is divided into M = 20 pieces, each of length Ah = 2~/M. The cut-off 
a is chosen to be Ah/rt 1-3]. The Reynolds number has been chosen from 500 to 10 000. The time step 
size for the vortex method A t will be determined. 
For the combustion, we use the two-step reaction described in (1.2), and we further assume that 
all of the heat is released in the second reaction (B ~ C), so that QA = 0. This corresponds to 
Creighton's [10] two-step model of a methane air reaction. 
We choose Ka = 2.5 × 103, KB = 2.5 × 106, QB = 1, Na = NB = 4, Lea = LeB = 1, and Tu = 0.2. 
The grid spacing is h = 0.05 so that the time step size is k = 0.0003125 by (3.5). In (3.10), we choose 
L = 50, U = 20, c~ = 5 and since k = 0.0003125, we have At = 0.0625 which is the time step size for 
the vortex method. 
To create the combustion dictionary, we choose ha = h2 = h3 = 0.1 SO that N1 = 11 correspond- 
ing to 0~< Ya ~< 1, N2 = 11 corresponding to 0~< Yn~< 1, and N3 = 16 corresponding to 
0.2 ~< T ~< 1.6. The six-dimensional dictionary contains 112112162 = 3748096 entries. In this ap- 
plication, the computational domain for the combustion process is D = {x, Yl - 1.5 < x < 15, 
- 3.0 < y < 3.0, x 2 + y2 ~> 1}, where (x, y) = (0, 0) is the center of the circle. The total computa- 
tion requires at least solving 
15+1.5  3 .0+3.0  
2NtNxN r = 2× 1000x 0.05 x 0.05 - 7.92 x 10 7 
two-point boundary value problems, where Nt is the total time step for the combustion process, Nx 
is the number of grid points in the X-direction and Ny is the number of grid points in the 
Y-direction. We see that one saves as much as 20 times the computations by using the dictionary. 
Furthermore, because of symmetry, and because only the solution of the midpoint in the two-point 
boundary value problem is needed, only half of the entries in the dictionary need to be calculated. 
The greater advantage is that when the dictionary is set up, we can use it for different combustion 
problems for this kind of two-step reaction. Also, even within the same problem, we can change the 
initial and boundary conditions without requiring huge computational time. 
5.2. Boundary conditions for the combustion process 
We consider the following initial-boundary value problem. 
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Boundary conditions: 
T=Tu fo rx= --1.5, al ly, 
T = Tb for X 2 -~- y2 ~< 1, 
O YA/On = O, 0 YB/On = O, 
Initial conditions: 
for all boundaries. 
Ya = 1, Yn = 0, everywhere xcept on the circle, 
T = T,, everywhere xcept on the cylinder. 
These two types of boundary conditions can be combined as a more general condition 
0v 
av + C-~n = b(t) on 0D, (5.1) 
where a and c are constants. To demonstrate how the boundary conditions are implemented, 
without loss of generality, consider the x-sweep with OD = {xlx  = 0}. Condit ion (5.1) becomes 
av(O, t) + COxV(O, t) = b(t) on OD. 
Approximating Ox by a centered ifference, we have 
au~ + c u"I - un- 
with t = nk, b n = b(nk). The grid point corresponding to i = - 1 lies outside the physical domain. 
We may solve (5.2) for u"--1 
u"- 1 = u] + 2h (au~ - b"). (5.3) 
c 
In order to find the approximate solution at the next time level at the boundary x = 0, we need to 
establish a left and right state for the Riemann problem associated with this point. The appropriate 
two-point boundary value problem is solved on the interval [ -  h, 0] with the left boundary 
condition given by (5.3). Similarly the corresponding two-point boundary value problem is solved 
on the interval [0, h]. If c = 0, the solution is known at x = 0 and a Riemann problem is not needed 
at this point. 
5.3. Hydrodynamics 
Figs. 3(a)-(d) depict the streamlines of the velocity field at times 2.0, 4.0, 6.0, and 8.0 for 
Re = 5000. At earlier time stage the large symmetric vortices behind the circle have been developed. 
Also small vortices near the boundary are observed near the cylinder due to the vorticity creation 
to satisfy the no-slip condition. But while this condition persists in the front of the cylinder, where 
the fluid is accelerated, backward flow pushes the particles near the boundary into the main stream, 
losing the symmetry. 
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Fig 3. (a)-(c). 
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(a) 
Fig 3. Streamline of velocity profile of flow past a circular cylinder: (a) t = 2.0; (b) t -- 4.0; (c) t = 6.0; (d) t = 8.0. 
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Fig. 4. Drag coefficient: A denotes CD(t ) and B denotes CD(t , 0) for Re = 2000; C denotes CD(t ) and D denotes CD(t, 0) 
for Re = 5000. 
One of the important functionals of the flow is the drag coefficient. We depict the drag coefficient 
CD(t) and the average drag Co(t, 0) for Re = 2000 (marked line A, B) and Re = 5000 (marked line 
C, D) in Fig. 4. The drag coefficients tart at higher value because of the impulsive start of the 
cylinder; many vortex sheets have been created on the boundary. Averaging over time from t = 0 to 
t = 12 for Re = 2000, we get an average drag coefficient of CD = 0.933, which agrees with 
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Fig. 5. (a)-(c). 
Y. Song, M, Calzada/Journal of Computational nd Applied Mathematics 58 (1995) 27-42 41 
E [ ~ 1 ~ H ~ H ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ z 1 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 ~ 1 H ~ 1 1 ~ 1 1 ~ 1  
(d) 
I l l l l l l l l l l l l l l l l  I I I I l [ [ l l l l  I I I I  111111 I I  I I I I I I I I I 11  [I I I I I I I  I I I I  I I  I I  I I  I t l l l l l l l l t t l l l l  I I I I I I  I l I l l l l l l l l  I I  11111111111111111111111111111 
CONT00r FRO. 1.7~|  To 1.411N OOWTOUI~ THTERVAL OF | . t l l | l l l  PT¢3.31.  i . l ggg7  
Fig. 5. Flame propagation temperature contours in the circular cylinder: (a) t = 2.0; (b) t = 4.0; (c) t = 6.0; (d) t = 8.0. 
experimental results very well. As we increase the Reynolds number, we find that CD = 1.04 at 
Re = 5000. This rise is also experimentally observed. 
These results have good agreement with experimental results and other numerical studies 
[2, 4, 15]. 
5.4. Flame propagation 
Figs. 5(a)-(d) depict he flame temperature contour profiles for U~ = 60 at times 2.0, 4.0, 6.0, and 8.0. 
Along the surface of a hot cylinder in a cold stream, the rate of heat transfer is highest in the two 
regions of maximum stream velocity where the stream is tangent o the surface. In these regions the 
results found the surface temperature to be much lower than the temperature near the stagnation 
points. 
The eddy zone behind a hot cylinder is made up in part of well-heated gas that has been in 
initiative contact with the surface, and in part of much cooler gas that swirls back towards the 
cylinder from considerable distances downstream. For the experimental results see [13, 14]. 
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